ABSTRACT: A number of indole-3-glyoxylamides have previously been reported as tubulin polymerization inhibitors, although none has yet been successfully developed clinically. We report here a new series of related compounds, modified according to a strategy of reducing aromatic ring count and introducing a greater degree of saturation, which retain potent tubulin polymerization activity but with a distinct SAR from previously documented libraries. A subset of active compounds from the reported series is shown to interact with tubulin at the colchicine binding site, disrupt the cellular microtubule network, and exert a cytotoxic effect against multiple cancer cell lines. Two compounds demonstrated significant tumor growth inhibition in a mouse xenograft model of head and neck cancer, a type of the disease which often proves resistant to chemotherapy, supporting further development of the current series as potential new therapeutics.
■ INTRODUCTION
Microtubule-targeting agents (MTAs) are a major class of cancer chemotherapeutic drugs 1, 2 that have enjoyed decades of clinical success in the treatment of a wide range of cancers. These agents bind to heterodimers of α-and β-tubulin, the building blocks of cellular microtubules, and in doing so interfere with normal microtubule dynamics. Depending on their exact binding site, MTAs can stabilize or destabilize microtubules, but in either event, disruption of normal function results and ultimately leads to apoptosis. The precise mechanism of action of MTAs used in the clinic is still incompletely understood, and as such continues to be investigated and debated. 3−6 Although it had long been assumed that MTAs are effective against cancers solely through interruption of mitosis, on which their effect is certainly important, 7, 8 more recent evidence points toward a multifaceted mode of action arising from interaction with microtubules throughout the cell cycle. 7,9−11 Despite the advances in treatment MTAs have undoubtedly offered, existing agents suffer from some significant drawbacks 12 which often compromise clinical efficacy and can lead to treatment failure. Drug resistance (either innate or acquired) is a serious problem, 13−16 and adverse toxicities such as peripheral neuropathy 17, 18 (PN) can prove dose-limiting, indicative of a narrow therapeutic window.
The search for novel agents in the class has therefore been intensive 19, 20 and whereas the more recent approvals, such as vinflunine, 21 eribulin, 22−24 ixabepilone, 25, 26 and the antibody− drug conjugate trastuzumab emtansine, 27 have proven beneficial for a limited number of indications, not all clinical studies have demonstrated improved efficacy, and classical MTA-associated adverse reactions, 28−30 including PN, 31−33 are still encountered with these newer agents. It is worth noting that eribulin in particular has shown evidence of an improved safety profile and promise for wider application 34 although drug resistance has also been encountered with this agent. 35 Overall, in spite of some welcome benefits, the newer MTAs have seemingly failed to displace their older counterparts to a significant degree, at least to date. Alhough they are expected to gain broader use in the future, it remains an important goal for the field to develop novel agents which can demonstrate the same broad spectrum of efficacy as the more established drugs while offering significant progress in overcoming resistance and minimizing unmanageable toxicity.
To this end, many novel small-molecule MTAs have been reported in recent years, 36 −39 some with promising preclinical or early clinical data, although the challenge of demonstrating superior clinical performance over existing agents is considerable. Nonetheless, such compounds include indibulin 1 and rosabulin 2 ( Figure 1 ), two experimental drugs with high structural similarity for which a novel tubulin binding site has been claimed. 40, 41 Little has been published regarding 2, and its development appears to have been abandoned following phase I clinical trials. 41, 42 Compound 1 showed in vivo efficacy and early evidence of improved therapeutic window, 43 suggested to be a consequence of it targeting a novel binding site on tubulin. 40 It has persisted in phase I clinical development for a number of years, with the primary issue apparently being low exposure, 44, 45 in turn likely due to its poor aqueous solubility. Although both 1 and 2 have encountered problems in the clinic, the fact remains that they were promising preclinical agents, and the issues subsequently encountered for 1 do not seem insurmountable.
In the light of an intriguing report 46 suggesting indole-3-glyoxylamides unsubstituted at N1 can still make effective tubulin polymerization inhibitors, we supposed that exploring modifications of 1 and 2 at this locus would be a viable starting point for the development of new potential MTAs. The initial focus of the present work was replacement of the pchlorobenzyl group of 1, aiming first to improve aqueous solubility through the dual strategy of reducing aromatic ring count and increasing saturation. The benefits in terms of compound developability of both minimizing the number of aromatic rings 47 and increasing the count of sp 3 carbon atoms 48−50 are gaining appreciation as a result of several studies supporting such rationale over recent years. Solubility prediction by either direct calculation or matched molecular pair analysis (MMPA) is shown to justify such an approach in the present context.
Tubulin polymerization inhibitors identified during this study were first applied in models of head and neck cancer (HNC), a disease in which existing MTAs have shown promise for improved treatment outcomes if the common problems of toxicity and drug resistance can be overcome. 51−56 HNC is the sixth most common cancer worldwide and is of particular concern due to rising incidence over the past two decades. Treatment is often some combination of surgery, radiotherapy, and chemotherapy, but overall survival rates have not significantly improved in many years and response rates to typical first-line chemotherapy regimens, usually a combination of 5-FU and cisplatin, are problematically low (around 30%). 51, 57 More recently, targeted therapies have been introduced 58 in an effort to improve treatment of HNC, most notably the EGFR-targeted monoclonal antibody cetuximab, which was approved in 2008 for use in locally advanced or metastatic/recurrent HNC. Other targeted therapies remain under investigation in HNC, including antiangiogenic agents, PI3K/Akt/mTor inhibitors, and p53 gene replacement therapy. 58−60 Whereas such targeted approaches have certainly benefited some patients, their overall impact on HNC treatment has been mixed, 59−62 and personalized or combination therapy will likely prove necessary to maximize clinical success of these targeted drugs; 60, 61 thus, more effective general first-line chemotherapy treatments are still much needed. Given the limited but promising data on the potential of MTAs in HNC, appropriate disease models therefore represent a useful context for the testing and development of new agents in the class.
■ RESULTS AND DISCUSSION
Solubility Prediction Studies. To test our initial assumptions regarding modifications to 1, directly calculated solubilities were determined for some of the first-generation analogues planned initially and detailed in the SAR study below (5−13, 17, 18, 32 , and 33; Tables 1−3 ). Direct calculation of aqeuous solubility is known to represent a considerable challenge, although several methods now exist with accuracy to well within an order of magnitude for most small molecules. 63 The compounds specified above were evaluated by the method of Tetko et al. 64 using the web-based ALOGPS 2.1 program, 65 which estimated at least an order of magnitude improvement in solubility over 1 in each case (Supporting Information, Table S11 ). Given such direct prediction of solubility is acknowledged as a difficult problem, an alternative method was applied to further validate our proposed structural modifications to 1. A matched pairs approach was employed that has previously shown promise in providing guidance when seeking to optimize molecular properties. 66 The database of solubility transformations curated by MedChemica 67 was used to give an historical view of how different chemical changes have influenced measured solubility in order to set reasonable bounds on what effects should be expected. The chemical changes were identified using a matched pair finding approach combining that of Hussein and Rea 68 with that of Warner et al., 69 which captures both the group being changed and essentially 70 the local chemical environment around the change. The data associated with each chemical change in its local environment was then recalled from the database and the recovered values used to construct a solubility network (see Supporting Information, Figure S16 and accompanying 
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Article legend). Results of the matched pair analysis were in agreement with those from direct calculation above, predicting at least an order of magnitude increase in solubility for analogues of 1 replacing the p-chlorobenzyl group with simple aliphatic substituents. Addition of a methoxy-group to the pyridine ring, as was ultimately found necessary to recover activity, was predicted to cause a small compromise in solubility although these analogues (8−10; Table 1 ) were still expected to be much more soluble than 1.
Chemistry. Glyoxylamides derived from N-substituted indoles 4 were prepared using a straightforward two-step, one-pot procedure essentially as described previously (Scheme 1a). 71 However, for derivatization of intermediates 67
containing modifications at indole positions 4−7, this approach was surprisingly found to be unsuitable, in contrast to earlier examples where similar substrates unsubstituted at N1 (i.e., R 1 = H) gave the expected products, albeit in reduced yields. 71 In the present study, when compounds of general structure 67 were reacted as outlined in Scheme 1a (with or without heating to 50°C in the first step to promote reaction with oxalyl chloride); no significant formation of the expected indole-3-glyoxylamide products was observed as evidenced by HPLC or LC-MS, yet little of the starting indoles remained, suggesting degradation of these starting materials had occurred. Addition of DIPEA to the first step of the process, reaction with oxalyl chloride, to prevent strongly acidic conditions from developing only appeared to suppress reaction of the indole derivative with the latter. Thus, an alternative route was employed (Scheme 1b) via glyoxylate ester intermediates 67, formed using a Friedel−Crafts reaction with methyl chlorooxoacetate. This transformation has been shown effective with the less reactive azaindole derivatives, 72 as also proved the case in our hands, and was easily adapted for substituted indoles with acceptable yields. The resulting ester intermediates were then readily converted into the desired glyoxylamides via direct amidation catalyzed by 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). 73 Some N-substituted indole derivatives not accessible through direct N-alkylation were also required, and these were approached by various other methods as appropriate (Scheme 2). 1-Cyclopentylindole 4j was prepared by reaction with cyclopentylboronic acid using conditions reported for preparaScheme 1. General Synthetic Routes to the Indole-3-glyoxylamide Screening Libraries, Using Either (a) a OnePot Procedure, or (b) (Table S8) and modified indoles 66a−l (Table S9 ) and their N-alkylated derivatives 67a−o (Table S10) tion of the cyclopropyl derivative from the requisite boronic acid. 74 Ring-opening of isobutene oxide by indole anion 75 followed by O-methylation furnished intermediate 4k.
Tertiary alkyl derivatives 4l and 4m were accessed by O-alkylation of 72, which in turn was synthesized in three steps from indole 3 utilizing methodology already reported for some substituted indole starting materials. 76 Finally, 4n was prepared by an azaMichael reaction between indole and methyl acrylate. 77 Glyoxylamide synthesis from these additional intermediates 4j−n was performed according to the general method outlined above (Scheme 1a).
Variation of the glyoxylamide N-substituent R 2 (Scheme 1) was mostly achieved through the use of commercially available starting materials, although some such analogues required inhouse synthesis of the amine precursors, R 2 -NH 2 (Scheme 3).
Nucleophilic aromatic substitution of 2-chloro-5-nitropyridine 73 with alkoxides followed by hydrogenolysis of the nitrogroup 78 provided easy access to intermediates 77−79 for use in glyoxylamide syntheses. A small number of analogues exchanging the indole core for indolizine, as found in model compound 2, were also evaluated. 3-Alkylindolizines 85−87 were prepared from 2-bromopyridine in two steps by a known route 79, 80 comprising Sonogashira cross-coupling followed by a copper(I)-mediated cyclization. For the most part, this sequence proceeded smoothly, with the exception of intermediate 84, whose synthesis proved surprisingly challenging. Sonogashira reaction between 2-bromopyridine 80 and pent-4-yn-1-ol readily afforded alcohol 83, but initial attempts at O-methylation in THF were unsuccessful, giving none of the desired product and seemingly resulting in intramolecular reaction between the generated alkoxide and the alkyne (data not shown). Attempts to convert 83 into 3-(2-hydroxyethyl)-indolizine resulted in similar mixtures with no formation of the expected product. Methylation under modified conditions in DMF at 0°C did provide a low yield of 84, but its isolation from the product mixture formed was not straightforward so these shortcomings inspired an alternative approach whereby pent-4-yn-1-ol was first methylated to give 5-methoxypent-1-yne. Because this intermediate is somewhat volatile (lit. 81 bp 107−115°C), the crude material was used without extensive purification and reacted with 2-bromopyridine under the usual conditions (Scheme 4). This completed an alternative route to 84, which although still low-yielding, proved operationally simpler and more amenable to scale than the earlier method. Once in hand, the 3-alkylindolizine intermediates 84−86 were successfully elaborated into the desired glyoxylamides by the same two-step, one-pot procedure used for the majority of the indole derivatives (Scheme 1a).
Primary Screening and Elucidation of SAR. Test compounds were first assessed for cytotoxicity against FaDu, an EGFR inhibitor insensitive 82 HNC cell line derived from squamous cell carcinoma of the pharynx. Screens consisted of a 72 h end point MTT assay, and LC 50 values were determined for compounds showing cytotoxic activity at or below 10 μM. Analogues of 1 replacing the p-chlorobenzyl group at N1 with various simple alkyl groups showed a loss of cytotoxic activity (compounds 5−7, Table 1 ); however, introduction of a methoxy-group adjacent to the pyridine ring nitrogen rescued activity (8−10) , and switching the positions of these structural features, as in analogues 11−13, was found to result in a further order of magnitude improvement in potency.
The foregoing results inspired synthesis of a wider range of analogues to investigate the SAR with respect to variation of both R 1 and R
2
. First, systematic changes to the R 2 group revealed some clear trends in activity ( Table 2) . Removal of the pyridyl nitrogen (N to CH; 14 and 15) resulted in a modest compromise to cytotoxic potency of no more than a 3-fold change, whereas in contrast, the inactivity of 16 indicated the pmethoxy group is essential for activity. Introduction of a second ring nitrogen at the meta-position of the aromatic group (pyrimidines 17 and 18) showed the same modest reduction in potency as the aniline compounds, whereas introduction of a second ring nitrogen at the ortho-position (pyridazine 19) proved highly detrimental to activity. A change of p-methoxy to ethoxy was tolerated with a 2-fold increase in LC 50 (compound 20) , whereas introduction of a second methoxy-substituent, as in 21, was not. Replacement of the p-methoxy group with either trifluoromethoxy or trifluoromethyl was found severely detrimental to cytotoxic activity (compare 22 and 23 with 14 and 15, and 24 and 25 with 12 and 13, respectively). Exchanging the pyridine ring of 12 for a five-membered heterocycle, in analogous fashion to compound 2, also proved unproductive. In sum, although the R 2 variations explored at this stage did not lead to improvement in cytotoxic potency in any case, a number of changes were identified that are tolerated without seriously compromising activity.
In contrast, variation of the R 1 group did lead to the soughtafter improvement in cytotoxic potency (Table 3) . Changing the isopropyl group of 12 to sec-butyl slightly improved activity, although cyclopentyl 29 or isobutyl 30 substituents resulted in a 4-fold drop-off. Exchanging the oxygen atom in the 2-methoxyethyl substituent of 13 for a methylene group, as in nbutyl analogue 31, caused no change in potency, indicating that the shape, rather than polarity, of this R 1 group is the major determinant of activity. Another change to 13, introducing an additional methyl group α-to indole N1, resulted in the most potent compound in the series, 32, with an LC 50 against FaDu of 12 nM. Other analogues of 13, with a ring bridging the side chain oxygen atom, differed markedly in activity. Tetrahydrofuran compound 33 was essentially as potent as its parent, whereas oxetane analogue 34 was unexpectedly compromised by more than an order of magnitude. Introducing a tertiary center β-to N1, as in gem-dimethyl compound 35, was not tolerated at all. Taken together, cytotoxicity data for this set of analogues are suggestive of a common binding pocket for the R 1 side chain. Although simple, linear R 1 chains give rise to some of the most potent compounds, a degree of further substitution is tolerable or even beneficial, whereas too much substitution severely compromises or abolishes the observed activity.
The final set of compounds prepared for initial SAR studies focused on variation at indole positions 4−7 (Table 4) . These analogues 36−51 retained the core structure of compounds 12 or 13 (except for 39, R 2 = 4-methoxyphenyl) with systematically varied modifications at C4 to C7: chloro-or methoxysubstitution, or a switch to an azaindole (i.e., ring CH to N). The majority of these changes were not tolerated and abolished cytotoxic activity, which was particularly unexpected in the case of azaindoles 47−49 given such a small structural change. For analogues introducing an additional group, only chlorosubstitution at C4 or C6 gave any retention of activity, albeit with at least a 20-fold increase in LC 50 . The single useful modification identified in this series was a change from indole to 7-azaindole, with 50 and 51 showing similar potency to their parent compounds, 12 and 13, respectively.
Evaluation and Early Optimization of in Vitro PK Properties. A selection of the most promising compounds was (Table S1 ).
b Reported mean and SEM values represent the results of at least three independent experiments. c Compound 1 was sourced commercially. (Table S2) .
b Reported mean and SEM values represent the results of at least three independent experiments (except 24, n = 2).
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Article screened for solubility, microsomal stability, and Caco-2 permeability in an initial effort to identify likely ADME liabilities. Aqueous solubility thresholds for 12, 13, and 32 were estimated to be in the region of 10 μM by HPLC (cf. 1, ≤ 1 μM) although reproducibility was difficult, thought to be due to approaching the detection limit by UV, such that these measurements were not considered reliable. Results from dynamic light scattering (DLS) experiments (see Supporting Information, Figure S6 and accompanying text) were more supportive of a solubility threshold of 10 μM or higher for several compounds, including thresholds of at least 20, 80, and 40 μM, respectively, for 12, 13, and 32. Taken together, it appeared as anticipated that considerable improvement had already been realized over 1, which in contrast was seen to form large aggregates at 10 μM by DLS with some evidence for aggregate formation at 1 μM (markedly raised count rate).
Caco-2 permeability data (Table 5) for selected compounds were predictive of good intestinal absorption, i.e. P app (A → B) > 10 × 10 −6 cm s
, with no evidence of active efflux (P app ratio <2). Mouse microsomal half-lives, estimated by extrapolation from 30 min assay end point values (Table S6) , did prove a concern, however, indicating rapid clearance would likely be an issue in vivo. Metabolism was previously identified 44 as a possible contributing factor to the suboptimal pharmacokinetics of 1, making this issue all the more important to address in the present series of related compounds.
A further selection of analogues was subsequently designed and synthesized in an attempt to address the shortcomings with respect to metabolic stability. It had not been possible to extract conclusive trends from the first round of data, although the R 1 group did appear to influence stability (noting t 1/2 order 32 > 13 > 12); thus, exchange of the indole for an indolizine core heterocycle, replacing the C−N bond linking the R 1 substituent with a C−C bond, was attempted but unfortunately did not prove advantageous. Indolizine analogues 53 and 54 proved equally as metabolically unstable as their indole counterparts 12 and 13, if not more so, and also suffered from a small but notable drop-off in cytotoxic potency. Alternatively, introducing a tertiary center α-to N1, as in 57, did not offer any improvement either.
In contrast, adding extra bulk to the methoxy-substituent of the R 2 group to block metabolism at this site greatly improved stability, conferring an order of magnitude increase in half-life without adversely compromising cytotoxic potency (compare 59 with 13). However, adding further substitution at this site did negatively affect activity (compare tert-butyl derivative 60). A related modification to the methoxy-group in the R 1 substituent resulted in modest stabilization (comparing 56 with 13), but in this case the penalty in cytotoxic activity was too severe to consider it a useful change.
Matched pair analysis for prediction of solubility, as described above, anticipated a modest but acceptable compromise for representative compounds introducing more bulky hydrophobic groups in an attempt to block metabolism (56, 57, 60; Supporting Information, Figure S17 ). These predictions were indeed reflected in the DLS measurements referred to earlier (Supporting Information Figure S6 ). Other analogues prepared specifically with the aim of improving solubility included 61, 63, and 65, and although all three compounds appeared fully soluble up to 200 μM by DLS (Supporting Information, Figure S6a,b) , introduction of the carboxylic acid group abolished cytotoxicity in every case.
Targeting of Tubulin. A subset of cytotoxic compounds from the initial SAR study was evaluated further to confirm their presumed mode-of-action, inhibition of tubulin polymerization ( Figure 2 ). GTP-promoted microtubule assembly from purified porcine brain tubulin was followed by measuring changes in optical density (OD 340 ) of the solution over a period of 60 min following initiation of reaction, according to a wellestablished protocol. 83 Increasing concentrations of 12, 32, 33 (Figure 2a) , 51, 57, and 59 were found to suppress the polymerization reaction in a dose-dependent manner. Assay end point values, expressed relative to vehicle control, were considered indicative of extent of reaction, and a secondary plot of these results against inhibitor concentration permitted derivation of IC 50 values (Figure 2b ; full dose−response plots ; values quoted are the mean of two independent experiments, which were in good agreement in every case.
d P app ratio = P app (B → A)/P app (A → B).
e Recovery was <50% in the Caco-2 assay with 59, indicating potential issues with solubility or binding to cellular proteins/lipids under the assay conditions, which may reduce the accuracy of the result.
for all six compounds, and colchicine used as a positive control, are included in the Supporting Information, Figure S1 ). In contrast, compounds 11 and 13 unexpectedly showed no inhibition in the polymerization assay, alongside 1, for which such a result has already been reported 40 (Supporting Information, Figure S2 ). Earlier work 40 on 1 suggested it does not inhibit the polymerization of post-translationally modified tubulin (acetylated on Lys40 of the α-subunit) from mature animal brain, such as would be expected in a commercially sourced preparation, and an unmodified sample derived from infant animal brain is required to see inhibition. This observation, among others, led the authors to conclude the compound binds to an unprecedented site in the vicinity of Lys40 of α-tubulin. The apparent inactivity of 1 in the present tubulin polymerization assays was therefore anticipated, but similar results for 11 and 13 seemed unusual given the positive results for closely related analogues.
To investigate further, the above set of compounds, together with 10, 23, 50, and 57, was tested in an alternative tubulin polymerization assay which relies on the fluorescence of DAPI when incorporated into growing microtubules, 84 as opposed to detecting polymer growth through changes in OD 340 . Under these conditions, inhibition was now observed for all library compounds, including 11 and 13 (Supporting Information, Figures S2,S3) . Where results were obtained in both assays, there was qualitative evidence for agreement between the relative IC 50 values (Supporting Information, Figure S4 ), although the very small sample size precludes any firm evidence of a correlation. Similarly, the trend in potencies obtained in both polymerization assays (particularly the fluorescence-based method, with the larger number of compounds screened) is in good general agreement with that seen earlier in cellular cytotoxicity activities, suggesting interaction with tubulin was a major factor leading to the observed toxic phenotype (see Supporting Information, Figure S5 and accompanying legend). It is worth noting that although 1 did not show inhibition of tubulin polymerization in the absorbance-based assay, as stated above, there was some evidence of activity using the fluorescence-based method (Supporting Information, Figure  S2 ), although results between experiments were inconsistent. It is thus not possible to reach a conclusion either way regarding inhibition by 1, although it seemed plausible to suggest that obtaining a clear result was compromised by the poor solubility of the compound. To investigate this possibility further and assess whether the initial results for 11 and 13 described above might likewise be linked to solubility issues, DLS experiments were carrried out to look for evidence of aggregation over a concentration range relevant to the inhibition assays (Supporting Information, Figure S6a ,b). Extensive aggregation was seen for 1 at 10 μM, forming particles of approximately 1 μm in diameter, with some evidence for aggregate formation at 1 μM as already noted above. In contrast, most compounds evaluated from the present library showed no obvious evidence of aggregation at 10 μM, which was true of the subset evaluated in both the tubulin polymerization assays and the DLS screen (11−13, 32, 33, 53, 57 , and 59). It seems apparent that 11 and 13 are not appreciably different in solubility to other representative library members which did display tubulin polymerization inhibition in both assays, suggesting the observed inactivity of the former in the OD 340 -based assay is due to an as yet unknown property of these compounds (because both seem fully soluble over the concentration range used). In contrast, the DLS results lend support to the idea that, in the case of 1, poor compound solubility may indeed interfere with the reliability of these assay readouts.
Having gained evidence that compounds from the current series do interact directly with tubulin, it was considered important to elucidate their binding site. There are three wellcharacterized binding domains on tubulin, the colchicine, Vinca alkaloid, and taxane binding sites, all located on the β-subunit, and most (but not all) established MTAs bind at or close to 
Article one of them. Taxane domain ligands are known to act as microtubule stabilizers, whereas drug binding to the Vinca alkaloid or colchicine sites destabilizes microtubules. Given that actives from the current series inhibit tubulin polymerization, binding at either the colchicine or Vinca domains was anticipated. Evaluation of test compounds at all sites was probed by competition with tritium-labeled standards (colchicine, vinblastine, or paclitaxel), looking for dose-dependent displacement of radioactivity from the protein with increasing test compound concentration. The same set of compounds evaluated in the tubulin polymerization assays was screened for binding. Results at the colchicine site proved the most conclusive, with the assay first validated using competition of Figure S8 ), although as applies to the polymerization assay results above, a firm conclusion cannot be drawn from existing data given the small sample size. Evaluation of 1 again proved problematic ( Figure S9 ): a partial competition curve was obtained up to a point where binding leveled off, suggesting a solubility threshold could have been reached. It is informative to consider this result in the light of previous data 86 reporting that [ 3 H]-1 was readily displaced from tubulin by excess colchicine, whereas in the reciprocal experiment, [ 3 H]-colchicine binding was only partially competed by excess 1. Considering all aspects together, these results could be interpreted to mean that 1 binds to the colchicine site with good affinity but its poor solubility hinders accurate assessment of this binding, especially where the compound must be present in excess. It remains to be said that binding of 1 to the colchicine site is necessarily assessed independently of that at the other proposed site on the α-subunit, suggesting the compound could be a dual site binder to tubulin.
In our experience, evaluation of the same 12 library compounds as above at the Vinca alkaloid and taxane binding sites proved unexpectedly difficult (for a more detailed analysis, see Supporting Information, Figures S10−S12 and accompanying legends). Briefly, at the Vinca site, docetaxel was found to complete with [ 3 H]-vinblastine binding just as well as vincristine, whereas at the taxane site, vincristine competed with [ 3 H]-paclitaxel binding with an IC 50 only 2-fold higher than that for docetaxel (Supporting Information, Figure S10 ). These observations limited the confidence with which clear results could be drawn from the data; however, none of the compounds showed any obvious evidence of binding at the taxane domain in agreement with their activity as inhibitors, rather than promoters, of tubulin polymerization. At the Vinca site, some (but not all) of the test compounds displayed IC 50 values close to that of vincristine, suggesting the intriguing possibility that these members of the library are capable of binding tubulin at both the colchicine and Vinca alkaloid domains (Supporting Information, Figure S12 ); however, given the difficulties encountered with the assay this can only be considered a preliminary finding, deserving further investigation in due course.
In sum, a small set of compounds from the cytotoxicity-led SAR study was found to inhibit tubulin polymerization through binding at the colchicine site, with good general agreement between potency in both assays and the earlier LC 50 data. Attention was next focused on whether the expected phenotype for destabilization of microtubules is seen at the cellular level.
To visualize the effect of 32, 33, and 59 on the microtubule network, FaDu cells were treated with two concentrations of each compound for 24 h then fixed and stained for α-tubulin and DNA ( Figure 3 ). Concentrations were chosen corresponding to approximately 1× and 5× the cytotoxic LC 50 (72 h end point); after exposure for 24 h, the majority of the cell population will be in mitotic arrest at the higher of these concentrations (as discussed later; see Figure 4 ).
All three compounds proved able to induce mitotic spindle defects at low concentration, and in particular, several cells with multipolar spindles were seen with 33 and 59. It is also clear that a high concentration of each compound caused extensive damage to the microtubule network. Comparison of the images suggests there may be some differences in the cellular phenotype produced by each compound, perhaps indicating subtle variation in their precise mode of action. This observation could form the basis of future investigations to understand the effects of compounds from this series in cells in more detail. In the present context though, it is clear that the three compounds tested caused obvious defects in the 
Article microtubule network of FaDu cells at concentrations consistent with the cytotoxic potencies determined earlier. Because the compounds have also been shown to interact directly with purified tubulin, these results do appear to confirm engagement of the same target in cells as the basis of their cytotoxic action.
A small set of the most potent compounds was also assessed by flow cytometry for their effect on the cell cycle distribution of proliferating FaDu cells ( Figure 4 ). As can be seen clearly, all compounds induced accumulation of the majority of the population at G 2 /M phase after 24 h exposure. Using multiple concentrations of 33 and 59 allowed dose−response curves to be plotted and EC 50 values derived for this mitotic arrest, and these values are approximately 5-fold or 2-fold higher, respectively, than the LC 50 values for cytotoxicity (72 h end point). This does suggest mitotic arrest as the primary cause of cell death in the latter assays, although a direct comparison at equivalent end points is not possible because all cells are dead by 72 h (compromising analysis by flow cytometry), whereas meaningful LC 50 values cannot be obtained at 24 h (because viability is only partially reduced by this stage, typically by only 40−50% even at the top of the dose−response concentration range). It appears that G 2 /M accumulation results relatively soon after treatment, within the first 18−24 h, and a prolonged period of cell cycle arrest is entered, as is typical with MTAs, 87 before ultimate cell death, which is not extensive until around 48 h (data not shown).
Thus, it was established that representative compounds from the current series cause disruption of the cellular microtubule network and induce cell cycle arrest in mitosis, consistent with their tubulin polymerization inhibition properties.
Evaluation in Other Cell Models. It was also considered important to evaluate some of the most potent compounds more widely, including cell lines representing other cancer types. The additional lines used were SCC-4 (squamous cell carcinoma of the tongue), SK-MEL-28 (malignant melanoma), SH-SY5Y (neuroblastoma), and MES-SA (uterus sarcoma). A multidrug-resistant derivative of the latter, MES-SA/Dx5, was also used because it is known to express very high levels of Pglycoprotein (P-gp). 88, 89 When used in combination, these two lines therefore represent a useful tool to evaluate the propensity of test compounds for efflux-mediated resistance.
Screening against the additional cell lines was carried out with a selection of six compounds (13, 32, 33, 51, 57 , and 59), spanning an order of magnitude range of LC 50 from the FaDu screen (12−137 nM), alongside 1 for comparison ( Figure 5 ). The observed cytotoxic activities, together with the trend in potency, remained very similar across all lines (Figure 5a ; see also Supporting Information, Figure S14 ). The multidrugresistant cell line MES-SA/Dx5 showed significant crossresistance to vinblastine, paclitaxel, and colchicine as expected, but not to 1 or the present test compounds (Figure 5b ), suggesting the latter are not substrates for efflux by P-gp. Further support for this assumption is provided by the bidirectional Caco-2 assay results discussed above (Table 5) . Efflux can also occur by the Caco-2 cell line and may be mediated by any of multiple transporters including P-gp, BCRP/ABCG2, MRP1, and MRP2. 90−92 Hence, the fact an efflux ratio of less than 2 was observed for 12, 13, 17, 32, 33, and 59 suggests these compounds are not good substrates for any of the transporters characterized in Caco-2.
The present series of compounds appears to possess general cytotoxic activity against cancer cell lines and does not seem susceptible to active efflux based on results from two cell lines expressing transporter proteins commonly associated with multidrug resistance.
A further priority was to evaluate selected compounds from the series in a suitable 3D cell culture model. Whereas 2D (monolayer) culture provides a convenient platform for initial screening experiments, it is not a representative model of a clinical tumor; thus, 3D cell culture models are increasingly being developed and applied to better assess the potential for in vivo activity of preclinical compounds. 93 The simplest such 3D model is the multicellular tumor spheroid (MCTS), a valuable screening tool which may be formed from either a single cell type or cocultured cells. 94 The FaDu cell line employed for primary screening in this study readily forms monocultured MCTS, 95 permitting the effect of compounds 32, 33, and 59 on these spheroids to be monitored in a time-and dose-dependent fashion ( Figure 6 ). FaDu MCTS are an established and well- 
Article characterized model of HNC solid tumors that have been widely employed. 94−96 An effect on normal spheroid growth was not evident until 2−3 days after dosing, but from this point onward, an ongoing dispersion of cells from the spheroid was seen (Figure 6a ), assumed to be due to the cytotoxic effect of the compounds inducing progressive cell death. As shown for 59 (Figure 6b ), the extent of this effect was dose-dependent at the experiment end point (7 days post dosing), and size measurements taken at regular intervals allowed time-course plots of spheroid volume to be made (also for 59; Figure 6c ). This revealed that at concentrations high enough to ultimately reduce the spheroid volume (>0.1 μM), it takes several days before the toxic effect of the compound is sufficient to outweigh new cell growth, emphasizing the requirement for continued drug exposure in vivo. Measurements taken at the 7 day end point over a range of concentrations allowed dose−response plots to be constructed for all three test compounds and EC 50 values for spheroid disruption to be derived (Figure 6d ). Combined results from two such independent experiments were compared with the 2D cytotoxic potencies determined earlier (Figure 6e) .
Compounds 32 and 59 demonstrated good agreement between duplicate experiments, with a 3D potency approximately 3-or 2-fold higher, respectively, than the requisite result in 2D culture. In contrast, more variation was seen in 3D experiments with 33 for reasons which were not immediately clear, but 3D results were nonetheless well within an order of magnitude of those seen in 2D. Hence, all three compounds did show efficacy in the 3D MCTS model at concentrations similar to those observed in the earlier FaDu monolayer screens, without any prohibitive dropoff in activity. There is certainly scope for higher-content screening using MCTS which could be exploited in the future as part of more detailed mode-ofaction studies, but for the purposes of the current work, it was satisfactory to note successful translation of activity to a 3D model for representative compounds in the existing series.
Mouse Xenograft Study. Two compounds, 33 and 59, were selected for a preliminary in vivo efficacy study in a mouse model of HNC using xenografts of the FaDu cell line. In addition to the positive results for both in the FaDu MCTS model described above, these compounds were chosen because they were the only candidates with both LC 50 < 100 nM from the primary cytotoxicity screen and a microsomal half-life of at least 30 min. Given concerns over the still suboptimal solubility of the series, oral dosing was chosen since earlier data suggested moderate to good absorption by this route (Table 5 ). Mice with established xenografts were dosed once daily for a period of 10 days as shown (Figure 7), and a significant inhibition of tumor growth was seen initially in all treatment groups.
An unexpected feature of the results is the apparent partial recovery in tumor volume before the end of the dosing period (comparing measurements between days 6 and 9), although numerical analysis revealed this difference is only statistically significant in the group receiving 59 at 10 mg/kg. There are a number of possible explanations for this observation, and particularly in the absence of accompanying pharmacokinetic data, any interpretation would be speculative at best. The FaDu cell line does overexpress BCRP/ABCG2, 82 so even though there is no reason to assume acquired resistance is developing to the current test compounds, the above results do emphasize the importance that the potential for new drugs to activate mechanisms of resistance be appropriately investigated at an early stage of development. On a more encouraging note, treatment with 33 appeared to result in poor tumor growth even after administration had ceased.
■ CONCLUSIONS
A library of modified indole-3-glyoxylamides has been reported, capable of inhibiting tubulin polymerization and displaying cancer cell cytotoxicity with a well-defined SAR. Furthemore, two compounds from the series displayed evidence for efficacy in a mouse xenograft model of HNC. This study builds on previous work by others which has already established a range of compounds of the indole-3-glyoxylamide class, such as 1 and 2, as promising tubulin polymerization inhibitors. Other m e m b e r s o f t h e c l a s s h a v e b e e n i n v e s t i g a t e d preclinically, 97−99 including 88−91 ( Figure 8 ) arising from an SAR study 100 published shortly after the disclosure of 1, with both 90 and 91 reportedly demonstrating in vivo activity.
Given the apparent failure of 2 in the clinic, and the difficulties encountered in attempting to develop 1, we hypothesized as the basis of the present work that the physicochemical and PK properties of such compounds might be improved by removing the benzylic group at N1 common to existing compounds in the class and replacing it with aliphatic substituents. This current study details first steps in such a direction, establishing that compounds modified thus are capable of retaining potent activity, albeit with a subtly different but distinct SAR suggestive of changes in binding pose. The desired improvement in solubility as compared to 1 looks to have been realized successfully. 
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Article Although the reported library has been established as a workable hit series, further optimization of PK properties is evidently necessary, although the present results suggest this is achievable. A better-defined SAR, aspects of which remain unexplored, is ideally necessary to help inform this undertaking. A more detailed understanding of the compounds' mode of action at the cellular level is also important, especially to interrogate and direct improvement of their selectivity for the desired target, tubulin. In the context of the MTA drug class, selectivity is a critical consideration given that a narrow therapeutic window remains arguably the most significant drawback of the existing agents in clinical use. Compounds with superior therapeutic window are urgently required, and evidence for such was probably the most appealing aspect of preclinical data for 1. Efforts to assess and optimize the therapeutic window must therefore be a priority in the identification and development of potential new MTAs likely to be of clinical value, arising either from this series or elsewhere.
■ EXPERIMENTAL SECTION
Chemistry. General Procedures. Reactions were run under an inert atmosphere of N 2 unless stated otherwise. Anhydrous solvents were obtained from an in-house "Grubbs" system and stored under N 2 until use. All other solvents and reagents were obtained from commercial sources and used as supplied. NMR spectra were recorded at the frequencies listed, and 13 C NMR spectra were recorded with complete proton decoupling. J values are reported in Hz. Melting points were determined using a Gallenkamp melting point apparatus in capillary tubes and are uncorrected. Analytical HPLC was carried out using a C 18 5 μm column (4.6 mm × 250 mm) and a gradient of 5−100% MeCN/water over 20 or 25 min (holding at 100% for 5 min), with UV detection at 254 nm and a flow rate 1.0 mL min −1 . Purity of all screening compounds was determined to be >95% by HPLC; a tabulated list of purities is included in the Supporting Information. Where required, preparative HPLC was performed using a C 18 5 μm column (19 mm × 250 mm) with UV detection at 254 nm and a flow rate between 15−20 mL min −1 , using a gradient specified in each case. Dynamic light scattering measurements were carried out using the Malvern Instruments Zetasizer Nano ZS system, equipped with a 4 mW He−Ne laser at 633 nm, as described. 101 To our knowledge, the compound series presented here is free of obvious interference motifs ("PAINS"), and the presence of a well-defined SAR (Table 5) .
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Article (with respect to both tubulin interaction and cytotoxicity) provides good evidence against nonspecific modes of action. 102 2-Isopropoxyethyl 4-Methylbenzenesulfonate (Precursor to 4e). 2-Isopropoxyethanol (1.15 mL, 1.05 g, 10 mmol) and triethylamine (1.53 mL, 1.11 g, 11 mmol) were dissolved in anhydrous CH 2 Cl 2 and the solution cooled to 0°C before addition of p-toluenesulfonyl chloride (2.10 g, 11 mmol). The mixture was stirred at 0°C for 30 min then at rt overnight. The reaction was quenched by addition of satd NH 4 Cl then diluted with water and extracted with CH 2 Cl 2 (3 × 20 mL). The combined extracts were dried over Na 2 SO 4 , filtered, and evaporated to give a colorless oil which was purified by flash chromatography on silica gel, eluted 4g) . 1-Methoxypropan-2-ol (4.9 mL, 4.5 g, 50 mmol) was dissolved in anhydrous THF (250 mL) then the solution cooled to 0°C. Sodium hydride (60% dispersion in mineral oil, 2.3 g, 58 mmol) was added portionwise over 10 min, followed 5 min later by the addition of ptoluenesulfonyl chloride (11.0 g, 58 mmol) and DMAP (50 mg). After 30 min at 0°C, the mixture was warmed to 40°C and maintained at this temperature for 24 h. The reaction was quenched by addition of satd NH 4 Cl then the mixture evaporated under vacuum. The residue was partitioned between Et 2 O and water, the layers separated, and the aqueous phase extracted again with Et 2 O. The combined organic extracts were washed with water then brine, dried over Na 2 SO 4 Oxetan-2-ylmethyl 4-Methylbenzenesulfonate (precursor to 4o). A stirred solution of oxetane-2-methanol (0.95 g, 10.8 mmol) in CH 2 Cl 2 (30 mL) was cooled to 0°C then triethylamine (1.65 mL, 1.20 g, 11.8 mmol) and p-toluenesulfonyl chloride (2.26 g, 11.8 mmol) were added successively, followed by a small amount of DMAP. The mixture was maintained at 4°C overnight then poured into water, extracted, and the layers separated. The aqueous layer was extracted with additional CH 2 Cl 2 then the combined organic solutions washed with water, dried over Na 2 SO 4 , filtered, and evaporated, giving a paleyellow oil. Flash column chromatography, eluted with 15 → 30 → 45% EtOAc/hexane, afforded the title compound as a crystalline white solid (2.11 g, 81%). Typical Procedure for Synthesis of N-Alkyl Intermediates 4a−i, 4o, and 67a−o. Indole, or the relevant indole derivative, was dissolved in anhydrous DMF (or THF if specified) at a concentration between 0.25−0.5 M, then the solution cooled to 0°C. Alkylating agent (1.2 equiv unless stated otherwise) was added, then sodium hydride (60% dispersion in mineral oil, 1.2 equiv) was added in small portions over a period of 10−15 min. Once addition was complete, the reaction mixture was stirred at 0°C for 30 min then continued at rt (unless stated otherwise) for a duration specified in each case. The reaction was quenched by cautious, dropwise addition of water or satd NH 4 Cl, then evaporated to dryness. The residue was partitioned between EtOAc or Et 2 O and water and extracted, then the aqueous layer extracted with a second portion of organic solvent. The combined extracts were washed three times with water, once with brine, dried over Na 2 SO 4 , filtered, and evaporated to afford the crude product which was purified by flash column chromatography on silica gel as indicated for each case, then dried and stored at −20°C until further use.
1-Ethyl-1H-indole 4a. Prepared from indole (1.17 g, 10 mmol) and bromoethane (1. 128.6, 128.3, 121.4, 120.9, 119.2, 110.1, 100.9 , 40.7, 15.9; m/z (ES) Figure 7 . Compounds 33 and 59 were administered by oral gavage at the doses indicated, once daily for 10 days (gray arrowheads), and produced a significant reduction in tumor growth relative to the control group. This effect was statistically significant (P < 0.05) in all treatment groups at days 3, 6, and 9, and significant at the P < 0.0001 level at day 6 in all cases. Only 33 exerted a sustained effect beyond the dosing period (P < 0.01 at days 13 and 15). Detailed plots of tumor volume, body weight, and survival for each treatment group, including results with vinblastine as a comparator/control drug, are presented in the Supporting Information ( Figure S15 ). 1-(Oxetan-2-ylmethyl)-1H-indole 4o. Indole (426 mg, 3.64 mmol) was dissolved in DMF (10 mL) and the solution cooled to 0°C. Sodium hydride (60% dispersion in mineral oil, 160 mg, 4.00 mmol) was added in portions over 5 min, then after another 5 min stirring, oxetan-2-ylmethyl 4-methylbenzenesulfonate (0.97 g, 4.00 mmol) was added. The reaction was allowed to continue for 3 h, after which it was deemed essentially complete by TLC. It was quenched by dropwise addition of satd NH 4 Cl then extracted between EtOAc and water. The aqueous layer was extracted with further EtOAc then the combined organic extracts washed three times with water and once with brine. The solution was dried over Na 2 SO 4 , filtered, and evaporated, giving an oil which was purified by flash column chromatography on silica gel, eluted with 10 → 20 → 33 → 45% EtOAc/hexane, to provide the title compound as a colorless oil (530 mg, 78%). 7-Chloro-1-isopropyl-1H-indole 67e. Prepared from 7-chloroindole (1.52 g, 10 mmol) and 2-iodopropane (1.2 mL, 2.0 g, 12 mmol), reacting at rt overnight. Column eluent 0 → 1→2.5 → 5→10% CH 2 1-Cyclopentyl-1H-indole 4k. Indole (2.57 g, 21.9 mmol), DMAP (7.70 g, 65.7 mmol), cyclopentylboronic acid (5.00 g, 43.9 mmol), and Cu(OAc) 2 (0.40 g, 2.2 mmol) were added to a flame-dried, 3-neck flask equipped with a reflux condenser. Anhydrous toluene (40 mL) was introduced via cannula, then sodium hexamethyldisilazane (0.6 M solution in toluene, 36.5 mL, 21.9 mmol) was added to the resultant deep-blue suspension. A stream of dry air was introduced, bubbling through the reaction mixture, which was then heated to 95°C and maintained at this temperature overnight. EtOAc (100 mL) and 1 M HCl (200 mL) were added and the mixture shaken thoroughly then vacuum filtered. The layers were separated and the aqueous phase extracted once more with EtOAc. The combined extracts were then dried over MgSO 4 , filtered, and evaporated, leaving a thick-brown oil, which was purified by flash column chromatography on silica gel,
Article eluted with 5 → 10 → 15% CH 2 Cl 2 /light petroleum, yielding the title compound as a pale-yellow oil (1.37 g, 34% 1-(1H-Indol-1-yl)-2-methylpropan-2-ol 69. A solution of indole (2.81 g, 24 mmol) in anhydrous DMF (90 mL) was cooled to 0°C, then sodium hydride (60% dispersion in mineral oil, 0.96 g, 24 mmol) added in small portions over 15 min. After a further 10 min stirring at 0°C, isobutene oxide (533 μL, 433 mg, 6 mmol) was added dropwise and stirring continued for an additional 50 min, at which point the cooling was removed. The reaction mixture was stirred at rt for 5.5 h at rt then 4 h at 30°C, followed by addition of more isobutene oxide (89 μL, 72 mg, 1 mmol), after which stirring was continued at 30°C overnight. The reaction was quenched by dropwise addition of brine, then evaporated under vacuum. The resultant orange slurry was partitioned between Et 2 O and water (∼100 mL each). AcOH (0.2 mL) was added, then the mixture extracted and the layers separated. Ethyl 2-(1H-Indol-1-yl)propanoate 70. Indole (5.86 g, 50 mmol) was dissolved in anhydrous DMF (175 mL) and the solution cooled to 0°C, after which sodium hydride (60% dispersion in mineral oil, 2.20 g, 55 mmol) was added portionwise over 15 min. Stirring was continued for a further 15 min, then ethyl 2-bromopropionate (7.14 mL, 9.96 g, 55 mmol) was added. The reaction was then maintained at 40°C for 5 h and continued at rt overnight before being quenched by careful, dropwise addition of water. The mixture was evaporated under vacuum and the residue extracted with Et 2 O and water. The aqueous layer was extracted a second time with Et 2 O then the combined extracts washed twice with water and twice with brine before drying over Na 2 SO 4 and evaporating to leave an orange oil. This crude material was subjected to flash column chromatography on silica gel, eluted with 20 → 33 → 50 → 65% CH 2 Cl 2 /hexane, to provide the title compound as a somewhat cloudy, pale-yellow oil (8. 93 g, 36 .5 mmol) in dry THF (100 mL) was cooled to −78°C, then LDA (2.0 M solution in THF, 22 mL, 44 mmol) was added over 10 min. The mixture was stirred at −78°C for 45 min, at which point methyl iodide (3.77 mL, 8.60 g, 60.6 mmol) was added, then the reaction continued and allowed to warm slowly to rt overnight before being quenched by dropwise addition of satd NH 4 Cl then EtOH (∼5 mL each). After an additional 30 min stirring, the mixture was evaporated under vacuum and the residue extracted with Et 2 O and water. The aqueous layer was extracted again with Et 2 O and the combined organic solutions washed twice with brine, dried over MgSO 4 , filtered, and evaporated to give a viscous orange oil. Additional purification by flash column chromatography on silica gel, eluted with 20 → 30 → 40 → 50 → 60% CH 2 Cl 2 /hexane, gave the title compound as a pale-yellow oil which crystallized on standing to a greasy, off-white solid (7.22 g, 86%). 2-(1H-Indol-1-yl)-2-methylpropan-1-ol 72. A solution of ester 71 (7.12 g, 30.8 mmol) in anhydrous THF (85 mL) was added over 15 min to a suspension of LiAlH 4 (1.28 g, 33.9 mmol) in the same solvent (40 mL) at −78°C (some exotherm observed over the addition period). The reaction temperature was brought back down to −78°C then stirring continued overnight, allowing for gradual warming to rt. The mixture was cooled to −78°C once more then quenched by very cautious, dropwise addition of satd NH 4 Cl, after which it was allowed to warm slowly to rt once more. The solvent was removed by evaporation under vacuum, then the residue extracted with Et 2 O and water. The mixture was filtered under vacuum to remove suspended solids, then the layers separated and the aqueous phase extracted with more Et 2 O. The combined organic extracts were washed with water then brine, dried over Na 2 SO 4 , filtered, and evaporated. Purification by flash column chromatography on silica gel, eluted with 0 → 1→2 → 3% MeOH/CH 2 Cl 2 , afforded the title compound as a yellow oil which slowly crystallized on standing to a pale-yellow solid (4.56 g, 78%). 
Article Ethyl 2-(2-(1H-Indol-1-yl)-2-methylpropoxy)acetate 4m. Ethyl bromoacetate (665 μL, 1.00 g, 6.0 mmol) and alcohol 72 (945 mg, 5.0 mmol) were dissolved in dry DMF, then sodium hydride (60% dispersion in mineral oil, 0.24 g, 6.0 mmol) was added slowly, in small portions, over 40 min. After stirring overnight at rt, additional ethyl bromoacetate (277 μL, 417 mg, 2.5 mmol) was added, followed by sodium hydride (60% dispersion in mineral oil, 100 mg, 2.5 mmol) over 30 min. The mixture was stirred at rt for a further 2 h then quenched by dropwise addition of satd NH 4 Cl and evaporated under vacuum. The residue was extracted with EtOAc and satd NH 4 Cl (100 mL each), then the aqueous layer extracted three more times with EtOAc. The combined organic extracts were then washed twice with water, then brine, dried over Na 2 SO 4 , filtered, and concentrated under vacuum. Flash column chromatography on silica gel was carried out, eluted with 20 → 33 → 50% CH 2 Cl 2 /toluene, affording the title compound as an orange gum (400 mg, 29%). . HRMS, found 276.1610 (C 16 H 22 NO 3 requires 276.1600. HPLC purity 92.0%. Additional material from mixed column fractions was further purified by preparative HPLC, using a gradient of 40−70% MeCN/water, to give an additional portion of the title compound as a thick, orange− brown oil (40 mg, 3%; combined yield 440 mg, 32%).
Methyl 3-(1H-Indol-1-yl)propanoate 4n. Methyl acrylate (1.35 mL, 1.29 g, 15 mmol) and DBU (772 μL, 5 mmol) were added to a solution of indole (1.17 g, 10 mmol) in anhydrous MeCN (50 mL). The mixture was heated at 50°C for 6 h, rt for 48 h, then 50°C for 6 h and evaporated to dryness. EtOAc and water (50 mL) each were added, and after the residue had fully dissolved, the aqueous layer was adjusted to pH 6 with 1 M HCl and the mixture extracted. The aqueous layer was extracted with additional EtOAc (3 × 30 mL), then the combined organic solutions washed twice with water, then brine, dried over Na 2 SO 4 , filtered, and evaporated. Flash column chromatography on silica gel, eluted with 50 → 67 → 100% toluene/hexane, yielded the title compound as an oil (865 mg, 43%). 2-Isopropoxy-5-nitropyridine 74. Sodium hydride (60% dispersion in mineral oil, 2.40 g, 60 mmol) was added in portions to anhydrous propan-2-ol (150 mL), then stirring of the suspension continued for 30 min. 2-Chloro-5-nitropyridine (9.51 g, 60 mmol) was then added and the reaction allowed to continue for 1 h before quenching by cautious, dropwise addition of water. The mixture was then evaporated under vacuum and the residue purified by flash column chromatography on silica gel, eluted with 1:19 EtOAc/hexane, affording the title compound as pale-yellow crystals (8.6 g, 64%). δ H (400 MHz, DMSO- 2-tert-Butoxy-5-nitropyridine 75. 2-Chloro-5-nitropyridine (2.38 g, 15 mmol) and tert-butanol (3.6 mL, 45 mmol) were dissolved in dry DMF (20 mL), then sodium hydride (60% dispersion in mineral oil, 0.72 g, 18 mmol) added slowly in small portions. During the addition, the reaction mixture was cooled in ice to control the observed exotherm. After addition was complete, stirring was continued at rt for 4 h, then water added dropwise to quench the reaction. The mixture was evaporated under vacuum and the residue purified by flash column chromatography on silica gel, eluted with 2 → 4→6 → 10% EtOAc/ hexane, to give the title compound as a dark-brown oil (1.34 g, 46%). Ethyl 2-(5-Nitropyridin-2-yloxy)acetate 76. Sodium hydride (60% dispersion in mineral oil, 0.80 g, 20 mmol) was added in small portions, slowly over 1.75 h, to a solution of 2-chloro-5-nitropyridine (3.18 g, 20 mmol) and ethyl glycolate (1.58 mL, 1.73 g, 16.6 mmol) in anhydrous THF (100 mL). After stirring at rt for 2 h more, the reaction was carefully quenched by dropwise addition of water, then the mixture evaporated under vacuum. The residue was partitioned between EtOAc and water, the layers separated, and the aqueous phase extracted with additional EtOAc. The combined extracts were washed with brine, dried over Na 2 SO 4 , filtered, and evaporated, then the residue purified by flash column chromatography on silica gel, eluted with 5 → 10 → 15 → 20% EtOAc/hexane, to provide the title compound as a pale-yellow solid (2.96 g, 65%). One-Pot Synthesis of Indole-3-glyoxylamide Derivatives 5−35, 56−60, 62, and 64 (Scheme 1a): General Procedure. The appropriate starting indole 4a−o (1.5 mmol) was dissolved in anhydrous THF (15 mL), then oxalyl chloride (144 μL, 209 mg, 1.65 mmol) was added. The solution was stirred at rt for 3 h, then DIPEA (610 μL, 452 mg, 3.5 mmol) added followed by the requisite amine (R 2 -NH 2 , 1.8 mmol) and DMAP (catalytic amount). The suspension was stirred at rt overnight then evaporated to dryness. The residue was extracted with EtOAc and water, then the organic layer evaporated once more to provide the crude product which was purified as specified in each case. Unless stated otherwise, purification was achieved by two successive recrystallizations: first from EtOAc/hexane, then from propan-2-ol/water. Characterization data, HPLC purity, and any additional purification details are provided for each example in the Supporting Information.
Synthesis of Indole-3-glyoxylate Methyl Esters 68a−j from Indoles 67a−j: General Procedure. The relevant indole compound 67a−j was dissolved in anhydrous CH 2 Cl 2 at a concentration of 0.1 M, then the solution was cooled to 0°C. AlCl 3 (typically 1.25 equiv) and methyl chlorooxoacetate (typically 1.25 equiv) were added and the reaction continued at 0°C until acceptable conversion was seen as
Article judged by TLC (reaction duration specified below for each case). Methanol was added to quench the reaction, then the mixture poured into satd NaHCO 3 and extracted thoroughly. If an emulsion resulted, the entire mixture was filtered under vacuum and the filtrate returned to the separating funnel. The organic layer was collected and the aqueous phase extracted with additional CH 2 Cl 2 . The combined organic extracts were dried over Na 2 SO 4 and evaporated. Further purification was carried out by flash column chromatography on silica gel, using an eluent indicated in each case, to afford the desired product 68a−j.
Methyl 2-(4-Chloro-1-isopropyl-1H-indol-3-yl)-2-oxoacetate 68a. Prepared from 67a (520 μL, 581 mg, 3.0 mmol), AlCl 3 (600 mg, 4.5 mmol), and methyl chlorooxoacetate (414 μL, 551 mg, 4.5 mmol). Reaction duration 1 h. Column eluent 20 → 33 → 50% EtOAc/ hexane. Title compound obtained as a yellow gum (280 mg, 33%). Synthesis of Azaindole-3-glyoxylate Methyl Esters 68k−o from Azaindoles 67k−o: General Procedure. The relevant azaindole compound 67k−o was dissolved in anhydrous CH 2 Cl 2 (30 mL/ mmol), then AlCl 3 (5 equiv) was added and the suspension stirred for 1 h. Methyl chlorooxoacetate (5 equiv) was added and reaction continued for the duration specified in each case. Methanol was added to quench the reaction, then the mixture was evaporated to dryness under vacuum. Further purification was carried out by flash column chromatography on silica gel, using an eluent indicated in each case, to afford the desired product 68k−o.
Methyl 2-(1-Isopropyl-1H-pyrrolo [3,2-b] pyridin-3-yl)-2-oxoacetate 68k. Prepared from 67k (365 mg, 2.28 mmol), AlCl 3 (1.52 g, 11.4 mmol), and methyl chlorooxoacetate (1.05 mL, 1.40 mg, 11.4 mmol). Reaction duration 4.5 h. In this case, after quenching with MeOH, extraction between EtOAc and water was carried out and the organic layer collected and evaporated. Column eluent 2.5 → 5→10% MeOH/CHCl 3 . Product obtained as a golden brown gum (40 mg, 7%). Given the poor recovery in this case, it is suspected the majority of material was either retained by the column or decomposed on silica. Conversion of Esters 68a and68c−o into Amides 36, 38, and 40−51 (Scheme 1b): General Procedure. The starting ester, the relevant amine (R 2 -NH 2 , 1.2 equiv) and TBD (30 mol %) were combined in the minimum volume of toluene (typically 1−2 mL), then the mixture was heated at 85°C overnight. The solvent was removed by rotary evaporation then the residue purified further. Unless stated otherwise, this was achieved as follows. Hexane was added to a solution of the crude material in boiling EtOAc, with continuing heating, until cloudiness persisted, at which point the mixture was left to stand for 1−2 min. A sticky film of brown gum (mostly unreacted amine component) quickly accumulated at the bottom of the flask from which the remainder of the suspension could readily be decanted into a separate flask, at which point, the mixture was evaporated to dryness. Recrystallization of the remaining residue from propan-2-ol/water provided the amide product, which was collected by filtration and dried. Characterization data, HPLC purity, and any additional purification details are provided for each example in the Supporting Information.
Synthesis of Alkynes 81−83 from 2-Bromopyridine: General Procedure. PdCl 2 (PPh 3 ) 2 (2 mol %), triphenylphosphine (4 mol %), and CuI (4 mol %) were added in succession to a 0.5 M solution of 2-bromopyridine in TEA. The resulting suspension was stirred for 30 min, then the relevant alkyne (1.0 equiv) was added. The reaction mixture was then stirred overnight in the dark, quenched by addition of satd NH 4 Cl, and evaporated under vacuum. The residual slurry was extracted with EtOAc and water, the aqueous phase was extracted with more EtOAc, then the combined organic extracts washed with water then brine, and evaporated under vacuum. Flash column chromatography on silica gel, eluted as specified in each individual case, then afforded the pure alkyne products.
2-(Pentyn-1-yl)pyridine 81. Synthesized using 2-bromopyridine (954 μL, 1.58 g, 10 mmol), PdCl 2 (PPh 3 ) 2 2-(5-Methoxypent-1-ynyl)pyridine 84. By Methylation of 83 (Method A). Alcohol 83 (1.14 g, 7.08 mmol) and methyl iodide (0.53 mL, 1.21 g, 8.5 mmol) were dissolved in anhydrous DMF (25 mL) at 0°C, then sodium hydride (60% dispersion in mineral oil, 0.34 g, 8.5 mmol) was added in small portions over 5 min. After stirring for 30 min at 0°C, the cooling was removed and reaction continued at rt for 3 h. Water was added dropwise to quench any remaining NaH, then the mixture evaporated under vacuum. The residue was extracted between EtOAc and water, the aqueous phase extracted with more EtOAc, then the combined organic extracts washed with brine, water then brine, dried over Na 2 SO 4 , filtered, and evaporated. The resulting brown oil was purified by preparative HPLC, using a gradient of 5− 15% MeCN in water (containing 0.1% v/v TFA) over 20 min. After evaporation of pooled fractions, the remaining yellow oil was partitioned between EtOAc and satd NaHCO 3 to regenerate the free base form of the product. After separation of the layers, the aqueous phase was extracted again with EtOAc and the combined organics dried over Na 2 SO 4 , filtered, and evaporated to dryness once more to afford the title compound as a yellow/orange oil (337 mg, 27%). By Two-Step Synthesis from Pent-4-yn-1-ol (Method B). A solution of pent-4-yn-1-ol (3.26 mL, 2.94 g, 35 mmol) and methyl iodide (4.36 mL, 9.94 g, 70 mmol) in dry THF (60 mL) was cooled to 0°C, then sodium hydride (60% dispersion in mineral oil, 1.68 g, 42 mmol) was added portionwise over 10 min. After 5 min more, the cooling was removed and the reaction mixture heated at 50°C for 2.5 h. The suspension was poured carefully into ice-cold water (250 mL) then extracted twice with Et 2 O. The combined extracts were washed
Article with water, dried over Na 2 SO 4 , filtered, then evaporated slowly under vacuum, maintaining the water bath at 4°C and using an air bleed to control the evaporation rate. Slow evaporation was necessary to prevent significant loss of the volatile intermediate, 5-methoxypent-1-yne. Once the solution of this crude alkyne had been concentrated to approximately 25 mL, it was used immediately as the alkyne component of a Sonogashira cross-coupling with 2-bromopyridine (3.34 mL, 5.53 g, 35 mmol), according to the general procedure described above, also using PdCl 2 (PPh 3 ) 2 (491 mg, 0.7 mmol), PPh 3 (367 mg, 1.4 mmol), and CuI (267 mg, 1.4 mmol). Column eluent 0 → 1→2.5 → 4→6% MeOH/CH 2 Cl 2 . Title compound obtained as an orange/brown oil (1.11 g, 18% over 2 steps). Analytical data were in agreement with the sample prepared by method A.
Cyclization of 2-Alkynylpyridines 81, 82, and 84 to 3-Alkylindolizines 85−87: General Procedure. CuCl (1 equiv) was added to a 0.45 M solution of starting 2-alkynylpyridine in dry DMA/ TEA (7:1). The mixture was stirred at rt for 10 min then heated to 130°C
for the duration specified in each case. The reaction mixture was poured into a 1:1 mixture of EtOAc and water, which was then extracted thoroughly. Following vacuum filtration to remove suspended solids, the filtrate was poured into a separating funnel and the layers separated. The aqueous layer was extracted twice more with EtOAc, repeating the filtration step as necessary. The combined extracts were washed with water then brine, dried over Na 2 SO 4 , filtered, and evaporated. Purification was carried out by flash column chromatography on silica gel, using the eluent specified in each case, and making sure to run the column as quickly as possible to minimize decomposition of the indolizine product. After evaporation and drying, the indolizines were stored at −20°C until further use.synthesis), was dissolved in 1:1 THF/water to a final concentration of approximately 0.1 M, then 5 M NaOH (2.5 equiv) was added. The reaction mixture was stirred at rt for 2 h. Complete reaction was confirmed by TLC, then the solution was adjusted to pH 7 with 1 M HCl and evaporated under vacuum. The residue was extracted with EtOAc and 1 M HCl, the aqueous layer extracted three times further with EtOAc, then the combined organic solutions dried over Na 2 SO 4 , filtered, and evaporated. Purification was carried out by preparative HPLC, using the conditions specified in each case. Characterization data, HPLC purity, and full purification details are provided for each example in the Supporting Information.
HPLC Solubility Assay. The maximal aqueous solubility of compounds 12, 13, and 32 was estimated as follows: dilutions of compound from 10 mM DMSO stock solutions were made into water at final concentrations ranging from 1−100 μM (typically 1, 2, 4, 6, 10, 15, 20, 30, 50, and 100 μM). These solutions were mixed overnight at rt then centrifuged in a benchtop microcentrifuge at 13000 rpm (approximately 17000g) for 5 min to remove any suspended precipitate. Supernatants were analyzed by HPLC using a C 18 5 μm column, 4.6 mm × 150 mm, and a gradient of 5−55% MeCN/water over 9 min; ramp to 100% MeCN over 4 min; hold at 100% MeCN for 5 min, with UV detection at 254 nm. Plots of peak area against concentration were constructed, and the point at which each plot deviated from linearity was estimated as the threshold aqueous solubility of the test compound (above which point the plot leveled off, indicating saturation).
Biology. Cell Lines and Culture. Cell lines were obtained from the American Type Culture Collection (FaDu, SCC-4, SK-MEL-28) or the European Collection of Cell Cultures (MES-SA, MES-SA/Dx5, SH-SY5Y, Caco-2) and cultured at 37°C as recommended in each case, with the exception of FaDu, which was grown in RPMI-1640 medium supplemented with 2 mM L-glutamine. Additionally, all cell culture medium was supplemented with 100 IU/mL penicillin and 100 μg/mL streptomycin.
Cytotoxicity (MTT) Assay. Cells were distributed into 96-well tissue culture plates (Greiner Bio-One) at an appropriate density in a volume of 100 μL/well and incubated for 24 h to allow for cell attachment. Test compound solutions were prepared by dilution from 10 mM DMSO stock solutions into full growth medium at 2× the required final screening concentration and dosed in triplicate at 100 μL/well (i.e., final assay volume ∼200 μL/well). After incubation for 72 h, medium was removed from the wells, the cells were washed with PBS, and 100 μL/well of a solution of MTT in PBS (0.5 mg/mL) was added. The plate was incubated once more for 45−60 min then the solution removed and 0.1 M HCl in 2-propanol added (40 μL/well). After gentle agitation to dissolve the formazan crystals, absorbance values at 570 nm were read using a microplate reader (reference wavelength 650 nm). Data was processed using Microsoft Excel, expressed as viability relative to vehicle control (DMSO only), and plotted in dose−response form using GraphPad Prism 6 (GraphPad Software, Inc.), allowing derivation of LC 50 values by nonlinear regression.
Tubulin Polymerization Assay (OD 340 Method). Purified porcine brain tubulin and other reagents were obtained commercially in kit form (Cytoskeleton, Inc.). Assays were carried out in half-area 96-well plates at 37°C and a final concentration of 3.6 mg/mL tubulin, 9.2% glycerol, and 900 μM GTP in 100 μL total volume. Test compounds were preplated at 10× final assay concentration in water (10 μL/well), then a solution of tubulin (4 mg/mL) in G-PEM buffer (80 mM PIPES pH 6.9, 2 mM MgCl 2 , 0.5 mM EGTA) containing 10.2% glycerol and 1 mM GTP was prepared freshly on ice and promptly distributed into reaction wells at 90 μL/well. Reactions were followed at 37°C over 60 min, monitoring OD 340 at 1 min intervals. Data from each well was normalized relative to initial readings, and plots of ΔOD max (final−initial values) against compound concentration, expressed relative to vehicle control (DMSO only), were used to calculate IC 50 values (Supporting Information, Figure S1 ).
Tubulin Polymerization Assay (DAPI Fluorescence Method). Purified tubulin and other reagents were sourced in kit form (Cytoskeleton, Inc.) as above. Assays were run in a total volume of ]-paclitaxel binding assay, biotinylated tubulin was precoupled to the SPA beads for 30 min at 4°C, before the addition of test compounds and radiolabel, after which the plate was incubated for a further 25 min at rt before reading. Inhibition at each compound concentration was calculated according to eq 1, where CPM = counts per minute, CPM [NSB] is the reading obtained in the presence of a 1000-fold molar excess of unlabeled ligand, and CPM [TB] is the reading for vehicle control (3% DMSO). 
IC 50 values were determined from seven-point semilog concentration− inhibition curves in XLfit (ID Business Solutions) or GraphPad Prism 6 (GraphPad Software, Inc.) using a four-parameter inhibition model. Cell Cycle Analysis. FaDu cells were seeded into 12-well plates at 10 5 cells/well in 1 mL of full growth medium, then incubated overnight to allow for cell attachment. Test compounds were prepared at 2× final screening concentration in full growth medium then dosed at 1 mL/well (final assay volume ∼2 mL), after which plates were incubated at 37°C for 24 h. Medium was removed and cells washed with PBS (500 μL/well) then harvested by detachment with 0.05% trypsin−EDTA (500 μL/well) followed by centrifugation (2000g, 5 min) in 1.5 mL microcentrifuge tubes. The cells were washed with flow cytometry buffer (100 mM PBS pH 7.4, 0.1% w/v BSA, 0.1% w/v NaN 3 ; 500 μL) and centrifuged once more. Buffer was removed and each cell pellet fixed by dropwise addition of ice-cold 70% ethanol (1.0 mL) with mixing using a vortex mixer. Samples were kept on ice for 30 min then centrifuged (2000g, 5 min) and the fixing solution removed. After washing with flow cytometry buffer as above, samples were treated with RNase A (100 μg/mL in PBS, 50 μL) at rt for at least 15 min, then propidium iodide (50 μg/mL in PBS, 200 μL) was added and incubation continued overnight, in the dark. Samples were analyzed by flow cytometry using a FACSCalibur instrument (BD Biosciences), collecting a minimum of 10000 events per sample and data was then analyzed using Flowing Software 2.5.1 (www. flowingsoftware.com).
Immunofluorescence Staining. FaDu cells were seeded onto glass coverslips in 24-well plates at 15000 cells/well in 500 μL of full growth medium, then incubated for 24 h to allow for cell attachment. Test compounds were prepared at 2× final assay concentration in full growth medium then added at 500 μL/well and the plate incubated for 24 h. Medium was removed by aspiration and the cells washed with PBS, then treated for 3 min with PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , pH 6.9) containing 0.5% v/v Triton X-100 and 10 μM paclitaxel (this treatment removes unassembled tubulin dimers while preserving intact microtubules 40 ). Each culture was fixed by treatment with PHEM containing 8% w/v paraformaldehyde and 0.3% w/v glutaraldehyde on ice for 10 min. The fixative was removed and the cells washed three times with PBS, then blocked by treatment with 2% FCS and 1% BSA in PBS for 30 min. The blocking solution was removed and the samples incubated with FITC-conjugated mouse anti-α-tubulin antibody (clone DM1A, Sigma, 1:500) in PBS for 40 min. The cells were washed three times with PBS then incubated with DAPI (5 μg/mL in PBS) for 5 min. After a further three PBS washes, coverslips were removed from the assay plate and slide mounted using ProLong Diamond Antifade Mountant (ThermoFisher Scientific). Slides were subsequently imaged using a spinning disc confocal microscope (Olympus IX81, PerkinElmer, UK) by capturing confocal z-stack images in 0.5 μm increments at 100× magnification.
Mouse Microsomal Stability Assay. Stock solutions of test compounds (2 mM in DMSO) were diluted to 0.1 mM with MeCN, and these solutions further diluted to 1.25 μM in 50 mM potassium phosphate buffer (pH 7.4) containing 0.63 mg/mL micromosal protein from pooled CD-1 (male) mouse liver microsome preparation (20 mg/mL; BD Biosciences). An aliquot of the resultant solution (80 μL) was preincubated for 5 min at 37°C in a shaking incubator before reaction was initiated by addition of NADPH (5 mM in potassium phosphate buffer, 20 μL) or buffer alone (for no cofactor control, 20 μL). Parallel reactions were stopped at 0 and 30 min time points by the addition of two volumes of ice-cold acetonitrile. The quenched samples were centrifuged (3000g, 30 min, 4°C) and the resultant supernatants analyzed for parent compound by LC-MS/MS, monitoring ion transitions for parent and daughter ions. Results of determinations carried out in duplicate are reported as mean percent parent compound remaining at 30 min. Final incubation conditions were 1 μM test compound, 0.5 mg/mL microsomal protein, and 1 mM NADPH.
Bidirectional Caco-2 Permeability Assay. Caco-2 cells were seeded onto 24-well transwell plates at 20000 cells/well and used as confluent monolayers after a 21 day culture. Test and control compounds (propranolol, vinblastine) were prepared at 10 μM in HBSS supplemented with 25 mM HEPES, pH 7.4, at a final DMSO concentration of 0.1%. These solutions were added to donor compartments for both apical to basolateral (A → B) and basolateral to apical (B → A) measurements. After incubation at 37°C for 60 min, samples were analyzed by mass spectrometry using an analytical internal standard. Apparent permeability (P app ) values, expressed as ×10 −6 cm s −1
, were determined according to eq 2 where V acceptor and V donor are the volumes of the transwell compartments (apical 125 μL, basolateral 600 μL), T is the incubation time (in min), A is the area of cells exposed (in cm 2 ), and the concentrations are relative mass spectroscopic responses normalized to the internal standard: 
Lucifer yellow was added to the apical buffer in each well to assess cell viability as a control for integrity of the monolayer. Results from any well with a lucifer yellow P app > 10 × 10 −6 cm s −1 were rejected. Efflux ratios are expressed as P app (B → A)/P app (A → B). Values for control compounds were as expected: propranolol P app (A → B) 66.7 × 10 −6 cm s −1 , efflux ratio 0.7; vinblastine P app (A → B) < 0.2 × 10 −6 cm s −1 , efflux ratio >288.
Multicellular Tumor Spheroid Cytotoxicity Screen. Multicellular tumor spheroids were prepared from the FaDu cell line using the forced-floating method, in 100 μL/well full growth medium in 96-well tissue culture plates, as described previously. 95 After spheroids had formed, test compounds were dosed essentially as for the 2D cytotoxicity assay but using n = 6 rather than triplicates, accommodating a nine-point dose−response experiment with vehicle control (DMSO) on each plate. Images were captured at regular intervals (0, 1, 2, 3, 4, and 7 days postdosing) using a Zeiss Axiovert 200 M light microscope with AxioCam MRm camera and AxioVision 4.6 software (Carl Zeiss Inc., Germany) and size measurements made using AxioVision. These values were converted into spheroid volume expressed relative to DMSO control and EC 50 values determined by
Article nonlinear regression using GraphPad Prism 6 (GraphPad Software, Inc.), as above.
Mouse Xenograft Model. Male CD1 athymic mice (aged 7−8 weeks, stock number 000711; Charles River UK) were kept in ventilated cages with food and water provided ad libitum. FaDu cells, verified mycoplasma free, were suspended in PBS (pH 7.4) at a density of 5 × The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jmedchem.5b01312.
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